Saccharomyces cerevisiae has been an important model for studying the molecular mechanisms of aging in eukaryotic cells. However, the laborious and low-throughput methods of current yeast replicative lifespan assays limit their usefulness as a broad genetic screening platform for research on aging. We address this limitation by developing an efficient, high-throughput microfluidic single-cell analysis chip in combination with high-resolution time-lapse microscopy. This innovative design enables, to our knowledge for the first time, the determination of the yeast replicative lifespan in a highthroughput manner. Morphological and phenotypical changes during aging can also be monitored automatically with a much higher throughput than previous microfluidic designs. We demonstrate highly efficient trapping and retention of mother cells, determination of the replicative lifespan, and tracking of yeast cells throughout their entire lifespan. Using the high-resolution and large-scale data generated from the high-throughput yeast aging analysis (HYAA) chips, we investigated particular longevity-related changes in cell morphology and characteristics, including critical cell size, terminal morphology, and protein subcellular localization. In addition, because of the significantly improved retention rate of yeast mother cell, the HYAA-Chip was capable of demonstrating replicative lifespan extension by calorie restriction.
Saccharomyces cerevisiae has been an important model for studying the molecular mechanisms of aging in eukaryotic cells. However, the laborious and low-throughput methods of current yeast replicative lifespan assays limit their usefulness as a broad genetic screening platform for research on aging. We address this limitation by developing an efficient, high-throughput microfluidic single-cell analysis chip in combination with high-resolution time-lapse microscopy. This innovative design enables, to our knowledge for the first time, the determination of the yeast replicative lifespan in a highthroughput manner. Morphological and phenotypical changes during aging can also be monitored automatically with a much higher throughput than previous microfluidic designs. We demonstrate highly efficient trapping and retention of mother cells, determination of the replicative lifespan, and tracking of yeast cells throughout their entire lifespan. Using the high-resolution and large-scale data generated from the high-throughput yeast aging analysis (HYAA) chips, we investigated particular longevity-related changes in cell morphology and characteristics, including critical cell size, terminal morphology, and protein subcellular localization. In addition, because of the significantly improved retention rate of yeast mother cell, the HYAA-Chip was capable of demonstrating replicative lifespan extension by calorie restriction.
microfluidics | high-throughput | replicative aging | calorie restriction |
Saccharomyces cerevisiae
A ging and age-associated diseases are becoming the fastestgrowing area of epidemiology in most developed countries (1) (2) (3) (4) . Identification of molecular mechanisms that lead to the development of interventions to delay the onset of age-associated diseases could have tremendous global impacts on public health (5) . The budding yeast Saccharomyces cerevisiae was the first eukaryotic genome to be sequenced, and has been instrumental in discovering molecular pathways involved in all aspects of eukaryotic cells (6) (7) (8) (9) . S. cerevisiae is an important model for discovering evolutionarily conserved enzymes that regulate aging, such as Sir2 and Tor1 (10) .
Yeast replicative lifespan (RLS) is determined by manually separating the daughter cells from a mother cell on a Petri dish with a microscope-mounted glass needle, and counting the number of divisions throughout the life of the cell. Tens or hundreds of cells per strain have to be dissected and counted to determine whether the lifespans of two strains are statistically different (11) (12) (13) (14) . This method has not changed appreciably since the initial discovery of yeast replicative aging in 1959 (15) . A well-trained yeast dissector can monitor and handle no more than 300 cells at once, and a typical lifespan experiment usually thus lasts ∼4 wk. Most lifespan experiments include an overnight 4°C incubation everyday throughout the experiment for practical purposes, adding another factor that can complicate data interpretation. This tedious and low-throughput procedure has substantially hindered progress. Therefore, new strategies are required to take advantage of the power of yeast genetics and apply high-throughput unbiased genetic screen approaches to yeast aging research.
Microfluidic devices have been developed to capture yeast cells for high-resolution imaging analysis during vegetative growth (16) (17) (18) (19) (20) . Recently, such devices have been designed that enable the tracking of yeast cells throughout their lifespan, making it possible to record and study cellular phenotypic changes during aging (21) (22) (23) . However, many issues prevent the use of microfluidic devices in a high-throughput manner for lifespan screens. First, although the time required to monitor the entire lifespan of the yeast cell has been dramatically reduced, the throughput is limited to 1-4 channels per device (21) (22) (23) . Second, mother cells were immobilized underneath soft elastomer [polydimethylsiloxane (PDMS)] micropads (21, 22) . Although several hundred trapping micropads can be assembled for each microfluidic channel, this trap design suffers from a low retention rate of ∼30% by the end of the lifespan; this seriously limits the number of usable cells in the lifespan calculation to ∼100, which restricts statistical significance of the lifespan analysis. Third, the ability for trapping micropads to retain old cells depends on the larger size of old cells compared with young cells (21, 22) . However, old cells often generate large daughter cells that also become trapped by the micropads. Fourth, the micropad design often allows more than one cell to be trapped; multiple cells can be trapped underneath one micropad, whereas no cells are trapped under others. Finally, in one of the designs, cell-surface labeling and chemical modification of the device are required, which has proven to be technically challenging for fabrication and to introduce adverse effects on replicative lifespan (23) .
Here, we present a microfluidic platform called high-throughput yeast aging analysis chip (HYAA-Chip), which solves all of the described challenges and limitations. This innovative design can trap up to 8,000 individual yeast cells in cup-shaped PDMS Significance Advancing our understanding of the underlying molecular mechanisms of aging, as well as their contributions to ageassociated diseases, will have a profound impact on public health. Studying the replicative aging phenomenon in the budding yeast Saccharomyces cerevisiae has led to significant findings on how aging is regulated by evolutionarily conserved enzymes and molecular pathways. We have developed a microfluidic system that enables the visualization and analysis of the complete replicative lifespan of a single yeast cell. This system overcomes current technical challenges in lowthroughput yeast lifespan analysis by providing a fast, highthroughput, and accurate analytical method at the single-cell level. This approach opens a new avenue for aging and longevity research using yeast genetic screens. structures evenly distributed to 16 discrete channels; captured cells are cultivated and aged as fresh medium continuously flows through, which removes newly budded daughter cells. The HYAAChip provides automated whole-lifespan tracking with fine spatiotemporal resolution and large-scale data quantification of single yeast cell aging by combining simple fabricated microfluidics with high-resolution time-lapse microscopy. The HYAA-Chip is labelfree, independent of size differences between mother and daughter cells, has up to 96% single-cell trapping efficiency, and up to 92% retention rate for the initially trapped mother cells.
Results
Design of the HYAA-Chip. The HYAA-Chip is composed of molded PDMS and contains 16 parallel microfluidic channels grouped into four modules, each of which includes four channels branched from a single medium inlet and merged into a single outlet (Fig. 1A and Fig.  S1A ). Each microfluidic channel features a sample inlet and 520 single-cell trapping structures in its microfluidic chamber. In a typical aging experiment, fresh medium is introduced continuously through the medium inlet, and suspended yeast cells are injected through the sample inlet connected directly to each channel (Fig. 1B) . As a result, each channel is occupied by one strain, allowing the simultaneous analysis of multiple strains in the same experiment. This design allows aging analysis of up to 16 strains in a single type of medium or four strains in up to four different media. There are a total of 8,320 single-cell traps in each device. It should be noted that the number of single cells to be tracked for testing can be adjusted by tuning the microscope program and experimental conditions, such as time-lapse interval, the number of capture positions, and the type of objective lens.
The HYAA-Chip enables massively parallel replicative lifespan determination and aging analysis for budding yeast. The trap structure is cup-shaped with an outlet opening of 3 μm through the center (Fig. 1C and Fig. S1B ). This outlet opening enables a fraction of fluid flow pushing a cell to be trapped. The height and main opening of the trap are 5 and 6 μm, respectively. The dimension of the trap was empirically optimized to ensure that the following conditions are met: (i) only a single cell is captured in each trap; (ii) the trapped cells are stably retained during the entire course of the aging experiment; and (iii) the trap does not pose a spatial constraint to cell size increase during aging. Detailed operation and cell-loading procedures for the HYAA-Chip are described in SI Materials and Methods. Once cell trapping is complete, the cultivation of trapped cells is conducted with continuous medium flow. As the trapped cells grow and bud, daughter cells are produced, detached from their mother cells, and then removed by medium flow (Fig. 1D) . Independent of the position from which the daughter cells budded from the mother cell surface, the daughter cells are pushed by the trap structure shape into two positions within the trap: the main larger opening against the flow direction or the smaller outlet opening (Fig. 1E) . The daughter cells are washed away continuously from the mother cells by the medium, which flows at a rate that is significantly lower than that used for yeast cell-loading. The continuous medium flow removes daughter cells throughout the entire lifespan of the mother cells. By combining the HYAA-Chip with high-resolution multiposition time-lapse microscopy, the rapid and automated tracking of up to thousands of single cells is accomplished over their entire lifespan in a single experiment.
Microfluidic system designs for studying yeast aging have been reported previously (24) (25) (26) ; however, they did not permit assays of yeast replicative lifespan because they are unable to track the entire lifespan of mother cells due to the low efficiency in removing daughter cells. The designs reported previously can track trapped mother cells for only up to 18 h (24) and for up to eight divisions (25) . Although another system could track the whole lifespan of trapped mother cells, the retention rate of these cells in the original traps over the time course was ∼40-60% (26). More than 40% of monitored cells were lost before reaching the end of their lifespan. In addition, the systems were not designed to analyze multiple strains simultaneously. In contrast to these previous designs, the HYAAChip features completely redesigned trapping structures with a greater than 90% retention rate, as well as the capability to assay multiple strains (in different mediums) in the same experiment, resulting in high-throughput quantification of the replicative lifespan in yeast. To our knowledge, these features make our system the first truly high-throughput and reliable platform for examining the replicative lifespan, which sets us apart from any of the previously reported designs.
Trapping Single Yeast Cells. Trapping single yeast cells with high efficiency is crucial for high-throughput single-cell imaging analysis. The single-cell trapping and medium flow velocity distribution were simulated by the finite element method (FEM). The simulation showed cell trajectories, distribution of flow velocity magnitudes, and flow streamlines (Movie S1). The flowvelocity field and streamlines show that, initially, a suspended cell is most likely to be dragged toward the opening of an empty trap due to lower flow resistance (Fig. S2A) . Once a single cell is loaded within the trap (Fig. S2B ), the opening is occluded, generating an altered hydrodynamic flow. Therefore, subsequent cells bypass the occupied trap (Fig. S2C ). This mechanism ensures that each trap captures only a single cell.
The spacing in the trap array is an important parameter for efficient single-cell trapping. We tested three different column spacing parameters (6, 12, and 18 μm) and three different row spacing parameters (6, 12, and 18 μm; Fig. S3 ). Yeast cell culture (10 6 −10 7 cells/mL) and yeast extract-peptone-dextrose (YPD) medium were simultaneously introduced by syringe pumps into the HYAA-Chip at the rates of 5 μL/min and 20 μL/min, respectively. The efficiency was determined by the ratio of the number of trapped single cells to the total number of traps in the device, and it varied from 75.3% to 96.2%, depending on the column and row spacing (Fig. S2E) . We determined that the column spacing should be equal to or smaller than the row spacing for higher trapping efficiency. The single-cell trapping efficiency was highest (96.2 ± 2.3%) when the device had 6-μm column and 6-μm row spacing. However, channels with this spacing were prone to clogging by the daughter cells removed from the trapped mother cells. Therefore, the trap array was optimal at 12-μm column and 12-μm row spacing, which ensured high single-cell trapping efficiency (91.7 ± 1.8%) and minimal channel clogging.
Automated Tracking of the Whole Lifespan of Single Yeast Cells. To track the entire lifespan of budding yeast cells, the HYAA-Chip was mounted onto the stage of an inverted microscope equipped with an incubator system. Three representative yeast strains were used in the test experiments, including WT, short-lived sir2Δ, and long-lived fob1Δ. Trapped yeast cells were cultured with continuous flow of YPD media and maintained at 30°C. Time-lapse images of multiple positions over the array were recorded at 10-min intervals with a 40× objective lens for 96 h. The aging time-course from young mother cell until death is shown in Fig. 2A . Initially, the trapped young mother cell grew to a critical size and started budding. As cytokinesis was completed, the detached daughter cell was washed away by continuous flow of medium. With successive cell divisions, the cell size increased. The mother cell continued producing daughter cells until senescence, which was quickly followed by cell lysis.
The lifespan data were collected by counting the total number of daughter cells produced by each single mother cell. Although some initially trapped mother cells were lost during long-term cultivation, the retention rate of these early cells was quite high, ranging from 89.15% to 92.56% throughout all five 96-h experiments (Fig. 2B) . The budding events were identified by comparing sequential images. Based on the obtained data, the lifespan of the three different yeast strains (WT, sir2Δ, and fob1Δ) were determined by plotting the fraction of viable cells vs. the generation of daughter cells (Fig. 2C) . The average lifespan of the WT strain was 25.76 divisions, whereas sir2Δ and fob1Δ underwent 13.32 and 33.88 divisions, respectively. These results are consistent with those obtained using the conventional microdissection method (Fig. S4) 
wk, as required for the conventional microdissection method, thereby greatly reducing the labor and time required for each experiment (Table S1 ). In addition, the HYAA-Chip demonstrated high reproducibility of replicative lifespan measurement across replicated experiments (Fig. S5) .
Automated tracking of aging cells in the HYAA-Chip allowed for the tracking of cell-cycle dynamics in single cells. Cell-cycle time, which is defined as the time interval between two successive budding events, was tracked for each cell over its entire lifespan and plotted as a function of lifespan fraction for WT, sir2Δ, and fob1Δ (Fig. S6) . This study would be nearly impossible with the traditional approach. The average division time of the cells continuously ranged between 70 and 100 min until the cells approached death. As expected (13), the cell-cycle time increased dramatically for all strains as the cells neared the end of their lifespan. Eventually, the mother cell became permanently arrested and then lysed. However, cell-cycle dynamics were very different near the end of life between the three strains. Compared with the other strains, the last few cellcycle times before death of the long-lived fob1Δ strain were much longer and exhibited larger SD. Changes in cell size seemed to correlate with the cell cycle time. Throughout most of the lifespan, the cell cycles were regular and cell size increased gradually. As the cell approached the end of its lifespan with drastically prolonged cell cycle, cell size also increased dramatically (Fig. S7) . Although an inverse correlation between cell size and lifespan has been reported (27) , the underlying molecular mechanism causing these changes in cell cycle time and cell size remains poorly understood.
High-Throughput Measurement of Yeast Replicative Lifespan with the HYAA-Chip. The HYAA-Chip enables a large-scale replicative lifespan assay of up to 16 strains in a single experiment. To validate the high-throughput capability and reliability of the HYAA-Chip, we tested, simultaneously on the same microfluidic device, 12 singlegene deletion mutations previously reported to alter the yeast replicative lifespan. All mutants used were on the BY4742 background and from the ORF deletion library. The parental strain BY4742 was also included in the same experiment. To avoid possible bias, the experiment was performed blind with only a randomly assigned numerical identifier used to differentiate each strain during the test.
Our results demonstrate that the HYAA-Chip lifespan assay accurately determined that three mutants have a shortened lifespan (bre1Δ, chl1Δ, and rpn4Δ) and nine mutants have a longer lifespan (fob1Δ, hsp104Δ, idh1Δ, rpl22aΔ, sas2Δ, sip2Δ, tma19Δ, tor1Δ, and ubr2Δ) than the WT strain ( Fig. 2D and Fig. S8 ). Table S2 compares the detailed test results by HYAA-Chip against published data for each strain. These results not only provide convincing evidence for the high efficiency and high-throughput capability of this novel yeast replicative lifespan assay, but also demonstrate that lifespan measurements made by the HYAA-Chip were consistent with those obtained using the conventional microdissection approach.
Testing Effects of Calorie Restriction. Calorie restriction (CR), which involves a dietary regimen low in calories without malnutrition, extends the lifespan of most model organisms including yeast, worms, flies, and mammals (28) (29) (30) (31) . CR is commonly performed in yeast by reducing the glucose concentration in otherwise glucoserich medium. To examine if we could detect the longevity effect of CR in this high-throughput microfluidic setting, we performed lifespan assays with the HYAA-Chip using the synthetic complete (SC) media containing 2.0% (normal condition), 0.5% (moderate CR), and 0.05% (severe CR) (wt/vol) glucose. As shown in Fig. 3A , the WT lifespan was progressively and significantly extended as glucose concentration was reduced. The effect of CR on the average cell-cycle time was small and insignificant, indicating that cells were not starved under these conditions (Fig. S9) . However, Table S3 . (D) The high-throughput replicative lifespan assay of 12 single-gene deletion mutations previously reported to affect lifespan. Percent change of average replicative lifespan for each mutation strain relative to experiment-matched wild-type cells for our test results, using the HYAA-Chip and the literature findings using the conventional microdissection method, is shown. More detailed data are shown in Table S2 .
significant variation in cell-cycle time was observed for cells under CR conditions, likely due to oscillations of cellular metabolic states under CR (32) .
Recently, Huberts et al. (33) reported that CR-induced lifespan extension could not be detected with their microfluidic dissection platform. In contrast, we observed a robust CR longevity effect with the HYAA-Chip that is consistent with results obtained from the conventional microdissection-based lifespan assay. One possible explanation for this discrepancy is the very low retention rate of the cells in Huberts' device. As noted in their paper (33) , 85% of all cells were lost before reaching the end of the lifespan, and in their analysis, experimental data obtained from cells that were washed out before death were incorporated into the lifespan curve as rightcensored data using the Kaplan-Meier analysis. Notably, due to the very low retention rate of their platform, the contribution of the washed out cells to the resultant data were significantly larger than that of the retained cells that were tracked throughout their entire lifespan. Our analysis of their raw data from retained and washed out cells confirmed that the right-censored data might have been the cause of the reported lack of lifespan extension by CR. When we analyzed only the cells that were tracked throughout their entire lifespan, we found that, under all CR conditions except 0.5% glucose, a lifespan extension effect was observed in the range of 9.61% to 27.76%, which is contrary to their report (Fig. S10) . Consistent with previous dissection-based methods, the lifespan peaked and then declined as the glucose concentration decreased. This finding suggests that a high cell retention rate is critical for the accuracy and reliability of the microfluidic platform for studying aging.
To further verify the reliability of the HYAA-Chip for assessing CR-induced longevity effects, we performed the lifespan assay on the sir2Δfob1Δ double mutant using SC media containing 2.0%, 0.5%, and 0.05% glucose (Fig. 3A) . As expected (34) , the lifespan of this mutant was robustly extended as the glucose concentration was reduced. Lifespan extension due to CR was 26.67% on 0.5% glucose and 55.63% on 0.05% glucose relative to the mean lifespan on 2.0% (wt/vol) glucose (Fig. 3B) . The CR longevity effect for sir2Δfob1Δ was larger than that for WT cells. These results are consistent with previously published data obtained using the conventional microdissection method (34) .
Critical Cell Size Correlates Negatively with Remaining Lifespan.
Nascent yeast cells must grow to a critical size before initiating DNA replication and undergoing the first round of mitosis (35) (Fig. 4 A and B) . The time to reach the critical size is generally longer than the regular cell cycle. We found that the critical size correlated negatively with the remaining replicative lifespan of the cell (Fig. 4C) . Cells that began budding at a smaller size had a longer remaining lifespan, whereas cells that began budding at a larger size had a shorter lifespan. The effect of cell size and growth rate on replicative lifespan has been reported for various mutants (27) . Large-cell mutants grew proportionally faster and had a shorter lifespan than small-cell mutants. However, the types of cell size studied were the birth size of daughter cells at cell division and the averaged overall size of daughter cells for aging, rather than the critical size of mother cells when mitosis is initiated. Cell-cycle regulation could change the rate of cell growth (36) . Thus, our observation suggests that the regulation responsible for determining the critical size may be involved in controlling aging, and that critical size could be used as a longevity marker for budding yeast.
We also examined whether a correlation exists between critical size and replicative lifespan for long-lived mutants and CR-induced longevity. Indeed, fob1Δ exhibited a smaller critical size than WT under normal glucose conditions. In addition, the average critical cell size of WT decreased with decreasing glucose concentration as cells grown in 0.05% glucose showed the smallest critical cell size (Fig. 4D) and longest lifespan. These data reaffirm that a small critical size can be an indicator for longevity in yeast.
Terminal Morphological Characteristics. Terminal morphology, or the budding state, of a mother cell varies when it reaches senescence. As shown in Fig. 5A , these states can be classified as unbudded (Movie S2), round-budded (Movie S3), or elongated-budded (Movie S4). In the round-and elongated-budded states, the last daughter cells do not separate from the mother cells when they die. Determination of terminal morphology can be accomplished by microscopic visualization of cells at the end of their lifespan. However, only a few studies (21, 37) have reported data for this phenotype because tracking the terminal morphology of a large number of individual Table S3 . (B) Percent change of average RLS by CR for WT and sir2Δfob1Δ double mutant relative to the experiment-matched 2% (wt/vol) glucose condition. WT: 21.73% for 0.5% glucose and 42.26% for 0.05% glucose; sir2Δfob1Δ: 26.67% for 0.5% glucose and 55.63% for 0.05% glucose. Asterisks indicate statistically significant differences (P < 0.0001) compared with WT grown in 2% (wt/vol) glucose in SC medium. Detailed statistical data are shown in Table S3 .
mother cells is labor-intensive and time-consuming when traditional lifespan assay methods are used. Budded death patterns of yeast with a relatively small number of cells were evaluated (21) , as well as the unbudded and unclassified budded states (37) .
We investigated three types of budding state at senescence of the WT, sir2Δ, and fob1Δ strains using the HYAA-Chip to determine the relationship between terminal morphology and lifespan for each strain (Fig. 5 B-D) . Cells arrested in budded and unbudded states had significantly different longevity. For each strain, cells arrested in the budded state lived fewer generations on average than those arrested in the unbudded state. For the budded state of all strains, cells with the round-budded terminal morphology had longer lifespans than those with the elongated-budded morphology. As shown in Fig. 5E , a majority of WT cells was arrested in the unbudded state (67.46% unbudded, 13.49% roundbudded, and 19.05% elongated-budded). The sir2Δ strain had significantly more cells arrested in the budded state, especially the elongated-budded terminal morphology (20.78% unbudded, 23.38% round-budded, and 55.84% elongated-budded). In contrast, the fob1Δ strain showed slightly elevated unbudded and significantly reduced elongated-budded terminal states compared with the WT (72.73% unbudded, 20.46% round-budded, and 6.81% elongatedbudded). These observations suggest that the elongated-budded terminal state is associated with a shortened lifespan.
Tracking of Protein Subcellular Localization. Because proteins must localize to the appropriate subcellular compartment (e.g., actin, endosome, mitochondria, vacuole, and nucleus) to function, comprehensive knowledge of protein localization is critical for understanding their functions and interactions. The yeast GFP library, which contains 4,160 detectable GFP fusion clones, provided the first global analysis of protein subcellular localization for a eukaryotic cell (38) . However, its application in aging studies has been scarce due to the lack of a high-throughput assay and limitations on continuous tracking of protein localization throughout the entire cellular lifespan using the conventional microdissection method.
To validate the capability of the HYAA-Chip for continuous tracking of protein subcellular localization during aging, we examined the subcellular localization of GFP-tagged Nop56 and Vma1 throughout the lifespan of the cell. Nop56 and Vma1 are wellcharacterized markers for the nucleolus and vacuolar membrane, respectively. As shown in Fig. 6 and Fig. S11 , the HYAA-Chip tracked the subcellular localization of GFP-tagged Nop56 and Vma1 continuously and effectively. Moreover, the subcellular structure in which these proteins resided throughout the entire lifespan was also visualized (Movies S5 and S6). The localization of several other proteins, including GFP-tagged Chc1, Erg6, Sac6, and Tom70, was also tracked successfully during aging using the HYAA-Chip (Fig. S12 and Movie S7). Such data can be captured and quantified for hundreds of cells per strain, and up to 16 strains at a time, significantly improving the throughput and statistical power compared with previous microfluidic approaches. Thus, the HYAA-Chip could be applied toward proteomic analysis to track protein turnover and localization during aging, as well as asymmetric partitioning between mother and daughter cells with the yeast GFP library.
Discussion
Understanding the molecular mechanisms that regulate aging and age-associated diseases is an instrumental step toward designing interventions that delay the onset of diseases and physiological changes linked to aging, which is a leading risk factor for many diseases. Considerable research effort has focused on uncovering the molecular mechanisms of aging and their contributions to ageassociated diseases. The replicative lifespan measurement of yeast cells has become a general method for mechanistic studies of aging processes, and has been used to identify genes and pathways associated with longevity that are conserved among all eukaryotes. Current yeast aging research is fraught with technical challenges including labor-intensive and time-consuming experimentation, low-throughput data collection, discontinuous tracking, and the lack of reliable single-cell assays.
We developed an innovative and highly efficient HYAA-Chip that allows immobilization of single yeast cells and removal of newly budded daughter cells without losing trapped mother cells. Our microfluidic platform combines the HYAA-Chip with high-resolution multipositioning time-lapse microscopy. This approach offers an unparalleled method for aging studies. First, our platform allows fully automated tracking of the entire lifespan for several thousand individual cells in a single experiment with high spatiotemporal resolution. This platform saves labor and time. It should be noted that the device cannot selectively trap virgin cells at the beginning of the experiment. However, in a typical log-phase culture, ∼80% of total cells are virgin and 12% have only budded once (21, 39) . Thus, the lack of virgin cell selection should not have a significant effect on the final lifespan results. Second, the HYAA-Chip can be easily multiplexed by connecting multiple channels. This platform enables simultaneous analysis of multiple strains and multiple media, resulting in high-throughput quantification of longevity. Third, fluorescent imaging of single cells during the entire aging process offers high spatiotemporal resolution and high-throughput examination of the aging phenotype, including organelle morphology, gene expression, and protein localization. Therefore, genetic or environmental factors that regulate lifespan can be investigated at the singlecell level. Finally, this platform allows cells to be maintained under a constant growth condition in the microfluidic channel throughout their entire lifespan, thereby minimizing variations introduced by operators and the environment. These capabilities effectively remove the barriers of existing lifespan assays that have hindered highthroughput aging studies in yeast.
Materials and Methods
Yeast Strain Preparation. Yeast strains with a BY4741 background (MATα his3Δ1 leu2Δ0 met15Δ0 ura3Δ0), BY4742 background (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0), and single-gene deletion strains were obtained from the yeast ORF deletion library (Thermo Fisher). GFP-tagged strains were obtained from the yeast GFP collection (Life Technologies). Cells were cultured in YPD at 30°C overnight before diluting 10-50-fold and loading into the HYAA-Chip. YPD medium containing 2% (wt/vol) D-glucose was used in all non-CR HYAAChip experiments. For CR experiments, yeast SC media containing 2, 0.5, and 0.05% D-glucose were used.
Manual Microdissection Lifespan Assay. Yeast replicative lifespan analysis using the conventional manual microdissection method was performed as described previously (11) .
Image Acquisition and Analysis. High-resolution time-lapse images of yeast cells growing in continuous medium flow in the HYAA-Chip incubator system at 30°C were obtained with a CCD camera (DP72; Olympus) connected to an inverted microscope (IX-81; Olympus) equipped with image acquisition software (cellSens; Olympus) and EVOS auto cell imaging system (Life Technologies). By using an automated stage, time-lapse images of up to 80 positions over the whole device were recorded with a 40× objective lens at 10-min intervals for 96 h (for all experiments excluding the tracking of the protein localization) or with a 60× high N.A. oil immersion objective lens at 20-min intervals for 72 h (for the tracking of the protein localization). The acquired images were analyzed with image processing software (ImageJ; National Institutes of Health) to determine budding events, cell size, morphological changes, and protein localization.
Statistical Analysis. A two-tailed Wilcoxon rank-sum test was used to evaluate the significance of observed differences in lifespan and critical size. The twotailed P value of each dataset was calculated using R and RExcel. P values are shown in Tables S2 and S3. 
